Relations between leaf rust progress, foliage senescence and yield reduction were studied for seven winter wheat genotypes, differing in their partial resistance to leaf rust. Leaf rust accelerated leaf and ear senescence. Photosynthesis measurements showed, however, that the photosynthetic capacity of the remaining green surface was not affected. Differences between genotypes in yield reduction were largely explained by differences in leaf senescence and, therefore, in cumulative light interception (r = 0.83) and crop photosynthesis. Reduction in cumulative light interception was closely related to the area under the disease-progress-curve (r = 0.85), which was also closely associated with yield reduction (r = 0.88). However, the time taken to reach a 50% reduction of green leaf area and the pustule density on 1 July (i.e. halfway through the epidemic) were just as good predictors of yield reduction as cumulative light interception and area under diseaseprogress-curve, suggesting that the former are useful criteria in the selection for partial resistance to leaf rust.
Introduction
Leaf rust infection (Puccinia recondita Rob. ex. Desm. f.sp. tritici) causes yield reduction in winter wheat (Triticum aestivum L.) which was reviewed as early as 1946 by Chester. Variation in yield reduction depends on a combination of resistance and tolerance of the crop and virulence of the rust race. Crop resistance is defined as the ability of the host to hinder the infection and/or growth of the pathogen. Partial resistance is a form of incomplete resistance in which spore production is reduced even though the host plants are susceptible to infection (susceptible infection type) (Parlevliet, 1979) . Partial resistance can be assessed by measuring the amount of disease and by screening the infection type. Partial resistance of winter wheat to leaf rust has been reported by Ohm and Shaner (1976) , Kuhn et al. (1978) and Rees et al. (1979) .
Leaf rust causes pustules on the leaves and accelerated foliage senescence, the latter reducing final yield. The aim of this study is to express genetic variation in yield reduc-3 tion in components of rust epidemiology and crop physiology. Relations between disease progress, foliage senescence and yield reduction were studied for seven winter wheat genotypes differing in their partial resistance to leaf rust. Questions raised are to what extent genetic variation in yield reduction can be explained by a difference in acceleration of foliage senescence and whether senescence is a useful criterion in selection for partial resistance and tolerance to leaf rust. Ln;(pustules/culm) on I July -Leaf rust progress. Number of pustules were scored on the three upper leaves according to a logarithmic scale (modified after Parlevliet and van Ommeren, 1975 ).
Materials and methods

Experimental design.
Foliage senescence. The green percentages of leaf area and ear area were estimated visually, and total leaf and ear size were measured (one-sided) by an electronic planimeter. Leaf area index (LAI) and ear area index (EAI) were calculated by multiplying culm density, maximum leaf or ear area per culm, and the visually estimated green percentages of leaves and ears. -Leaf photosynthesis. Flag leaf photosynthesis of the genotypes 'Cappelle Desprez', 'Okapi' and 'SVP-73043-38-1' was measured in the field using an ADC portable leaf chamber gas analyser. All measurements were made at light saturation (1700/,mol quanta m 2 S 1) provided by an incandescent lamp cooled by a fan.
-Development stage of the crop, according to Zadoks et al. (1974) .
On 18 August, 200 culms were taken randomly from each plot and the rest was harvested using a precision combine harvester. Total grain weight, 1000-kernel weight and culm density were measured per plot.
Statistical analyses. The collected data were subjected to an analysis of variance to estimate standard error of the means (SE), environmental coefficient of variation, i.e. the standard error divided by the overall mean (CVe), and the genetic coefficient of variation, i.e. the genetic standard deviation divided by the overall mean (C~).
The leaf rust progress was fitted by a logistic function of time:
where N is the pustule density, with subscripts t and 0 referring to times t and 0 and m to the maximum density; r is the apparent infection rate (VanderPlank, 1963) and approximates the relative growth rate at time 0. Time of start of the epidemic (to) was assumed to be 31 may (day 151), being the day when the first pustules were observed in the field. This was 10 days or 125 degree days (~ d, daily average temperatures were accumulated above a base of 0 ~ after inoculation. The parameters No, Nm and r were estimated by a least squares procedure using data of In(N0 per plot as input. The logarithmic values were taken to ensure homogeneity of variances. The average growth curve per genotype was fitted by a joint regression over the three replicates of the genotype. To estimate SE, CV e and CVg of the parameters, however, the logistic function was fitted per plot, whereafter the parameter estimates were subjected to an analysis of variance.
Results
Disease progress. The disease progress in the field was described well by a logistic function and Fig. 1 shows the fitted functions of pustule density for the seven winter wheat genotypes. Pustule density is expressed per unit ground area because of the equal inoculum densities per plot on inoculation (21 May); densities can be transformed into pustules culm -~ using the culm density. Pustule density decreased after 18 July, due to advanced foliage senescence. The disease progress can be characterized by the three parameters defining the logistic growth curve: No, r and Nm. Estimates of No and r showed a very high error correla- tion, which biases the comparison of the genotypes for r. The genotypes did not differ significantly for No (P > 0.05), so the logistic function was fitted again using the overall geometric mean of 10 pustules m 2 ground as a fixed value for No (Table 1) .
The 3-parameter model gives a more precise description of the time course and was therefore used in Fig. 1 , while the 2-parameter model gives a better estimate of the initial apparent infection rate. The integrated disease intensity is characterized by the area under disease-progresscurve (in pustule days, Table 1 ). From the six weekly observation dates, the pustule density on 1 July showed the highest correlation with the integrated disease intensity (r 2 = 0.976, Fig. 2) , and demonstrated also the highest genotypic variation (ag = 2.05 for Ln(N)). Thus, pustule density on 1 July was the best single predictor of total disease intensity and also enabled optimal discrimination between genotypes (see also Fig. 1 ). The wheat genotypes used in the experiment can be distinguished into three different groups when disease resistance is concerned (Figs. 1 and 2 , Table 1): relatively resistant ('Halle stamm 6728-45'), moderately resistant ('Cappelle Desprez', 'Okapi', 'Heine's II', 'SVP-73035-45-1', 'SVP-73043-38-1') and relatively sensitive ('Cerco'). The infection type (McNeal et al., 1971 ) of leaf rust symptoms in the field hardly differed between the genotypes (Table 1) .
DISEASED
Correlations between disease intensity and apparent infection rate, maximum pustule density, latent period, infection frequency and pustule size are given in Table 2 . The latent period, as defined by Parlevliet (1975) , is the time between inoculation and 50~ of maximum sporulating pustule density, which was measured in an additional greenhouse experiment in 1986. Infection frequency, defined here as the maximum sporulating pustule density, and pustule size were derived from the same greenhouse experiment. Foliage senescence. Foliage senescence started earlier and proceeded at a faster rate in the presence than in the absence of leaf rust (Fig. 3) . Wheat genotypes may differ in their reaction, as illustrated by the difference in early leaf senescence in 'Cappelle Desprez' and 'SVP-73043-38-1' (Fig. 3b) in spite of a similar leaf rust development (Fig.  1) . Leaf rust will reduce cumulative crop photosynthesis due to reduced light interception resulting from accelerated foliage senescence. The photosynthetic capacity of the leaves (measured by their rate of photosynthesis at light saturation) was related linearly to the green percentage of single leaves over the whole senescence range, as measured for 'Cappelle Desprez' (Fig. 4) , 'Okapi' and 'SVP-73043-38-1'. Hence the photsynthetic capacity per unit of green leaf area was not affected by the rust, suggesting that visual estimation of green leaf area is a useful measure of reduction in photosynthesis due to leaf rust. The rate of crop grwoth is usually linearly related to the light interception by the foliage (e.g. Gosse et al., 1986) . Cumulative light absorption after anthesis was therefore calculated as a measure of total crop photosynthesis during the grain filling stage ( Table  1 ). The cumulative absorbed photosynthetically active radiation (PAR, 400-700 nm) by green area was calculated from measured incoming radiation using a light extinction coefficient of 0.7 for leaves and 0.3 for the above-positioned ear layer (Groot, 1987 ; ear area measured one-sided).
Due to the roughly linear decrease in green leaf area after anthesis, the time after anthesis at which the LAI is reduced to 50% of its maximum (tLso) was closely related to the cumulative light absorption (r = 0.99, Table 3 ) and can thus be used as a single predictor of cumulative light absorption and photosynthesis during the grain filling stage. Even more practical will be the use of a visual estimate of the ground coverage by green foliage around this time as a selection criterion. The genotypic differences in tL~0 were greater in the presence than in the absence of leaf rust (Table 1 ; C~ = 0.18 versus 0.12).
Pustule coverage itself has a neglible effect on the reduction in light interception (Van Roermund and Spitters, 1990) .
Yield reduction. Yield reduction due to leaf rust infection was estimated by the observed reduction of 1000-kernel weight between control and inoculation treatments rather than by the observed reduction in total grain yield. This was done because heterogeneity in the seedbed caused a variable stand density, generating yield differences not associated Table 3 . Phenotypic correlations among genotype means for reduction in kernel weight, cumulative light absorption after anthesis and time between anthesis and reduction of LAI to half the maximum value, logarithm of area under disease-progress-curve and pustule density on 1 July. . Relationship between ~ reduction in 1000-kernel weight and ~ reduction in time after anthesis (of 'Cerco') at which the LAI is reduced to 50~ of its maximum (tLS0). Bars represent standard errors (SE).
with disease incidence, but with variation in culm density (Van Roermund and Spitters, 1990 ). The 1000-kernel weight would have been less affected by the heterogeneity in stand density. Moreover, the epidemic began just before anthesis and would have affected mainly 1000-kernel weight with little influence on culm density and kernel per culm. Leaf rust caused a high yield reduction in 'Cerco' and 'Cappelle Desprez' and a low reduction in 'Halle stamm 6728-45' (Table 1 ). These differences were associated with the variation among the genotypes in disease progress and foliage senescence (Table  3) . Time taken to reach 50~ reduction of the leaf area index and pustule density on 1 July were just as good predictors of yield reduction as cumulative light absorption and area under disease-progress-curve (Table 3 estimate of the reduction in photosynthetic capacity of the foliage. The situation may be different for other diseases, as suggested, for instance, by the results of Rabbinge et al. (1985) who found that a 4% coverage of powdery mildew in wheat reduced leaf photosynthesis by 50%.
The acceleration of foliage senescence was closely related to pustule density, which may have been promoted by the similarity of the infection types. It will, therefore, be interesting to study the relationship between disease progress and leaf senescence in wheat genotypes differing in infection types.
In selection for partial resistance and tolerance, it is not feasible to use the causal criteria of cumulative light interception and area under disease-progress-curve. It was shown, however, that tLs0 (and also the green percentage of leaf area at this time) and Ln(N) on 1 July (i.e. the amount of disease halfway through the epidemic) were equally good predictors of yield reduction.
